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DNp63a Promotes Apoptosis of Human Epidermal
Keratinocytes
Ling Zhu1, Ellen A. Rorke2 and Richard L. Eckert1,3,4,5
In this study we show that DNp63a overexpression in primary human epidermal keratinocytes causes decreased
cell proliferation and increased apoptosis. These changes are associated with increased levels of p21 and p27,
decreased cyclin D1 and cyclin E levels, reduced mitochondrial membrane potential, and enhanced procaspase
and poly(ADP-ribose) polymerase cleavage. Bcl-xS and Bax levels are increased and Bcl-xL level is reduced. p53
levels are increased in the DNp63a-expressing cells and p53 overexpression reproduces features of the DNp63a
phenotype. Increased p53 expression results in reduced DNp63a, suggesting that p53 may negatively regulate
DNp63a level. DNp63a also induces apoptosis in HaCaT and SCC-13 cells, which encode inactive p53 genes,
suggesting that the response is p53 independent in these cell lines. Both DNp63a and TAp63a reduce SCC-13 cell
survival. These studies indicate that both DNp63a and TAp63a can negatively regulate keratinocyte survival.
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INTRODUCTION
The p63 family comprises a group of recently discovered
regulatory proteins that are related to p53. The p63 gene
encodes three products, p63a, b, and g, which are generated
via alternative splicing from a single gene. In addition, each of
these proteins is expressed as two forms, TA and DN, which are
generated using distinct promoters (Yang et al., 1998). TAp63
isoforms include an N-terminal transactivation domain, which
is missing in the DNp63 isoforms (Yang et al., 1998). TAp63a
and DNp63a are two p63 family members shown to have an
important role in epidermal development. TAp63a is expressed
in the surface ectoderm during early epidermal development
and is thought to be responsible for subsequent epidermal
stratification (Green et al., 2003; Koster et al., 2004). During
the later states of development and in the adult, DNp63a is the
major isoform present in epidermal tissue (Koster and Roop,
2004b) and is localized in the basal layer (Reis-Filho et al.,
2003) and in stem cells (Pellegrini et al., 2001). DNp63a
expression is required for maintenance of proliferative
potential of basal keratinocytes and for epidermal differentia-
tion (Parsa et al., 1999; King et al., 2003; Westfall et al., 2003;
Koster et al., 2004) and p63 knockout mice fail to develop
stratified epithelia (Yang et al., 1998, 1999; Ince et al., 2002;
Daniely et al., 2004; Kurita et al., 2004).
Various reports suggest that DNp63a expression is
regulated during keratinocyte differentiation and suggest that
it may have a role in promoting survival. UVB-dependent
death of cultured keratinocytes is associated with reduced
DNp63a level; moreover, overexpression of DNp63a in
murine epidermis protects the skin from UVB-dependent
apoptosis (Liefer et al., 2000). Moreover, DNp63a level
declines when murine keratinocytes are treated with the
differentiating agent, calcium (King et al., 2003), and is
maintained in retinoid-treated keratinocytes (Bamberger
et al., 2002). In epidermis, p63 is expressed in the basal
layer (Reis-Filho et al., 2003). In tumors, a DNp63 isoform,
presumably DNp63a, is present in cells that maintain
proliferative potential (Parsa et al., 1999; Crook et al.,
2000; Hibi et al., 2000; Yamaguchi et al., 2000; Glickman
et al., 2001; Senoo et al., 2001; Hu et al., 2002; Pelosi et al.,
2002), and in wound healing, DNp63a is expressed in the
basal and suprabasal layers (Bamberger et al., 2005).
p63 has also been suggested to have a role in programmed
cell death. McKeon and co-workers showed that TAp63g
expression promotes baby hamster kidney (BHK) cell death,
but that DNp63a is not active (Yang et al., 1998). Dohn et al.
(2001), using H1299 cells, showed that both TAp63a and
DNp63a cause cell death that is associated with increased
expression of p53 target genes. In Hep3B cells, adenovirus-
mediated overexpression of TAp63a causes caspase-depen-
dent apoptosis that is associated with increased expression of
proapoptosis genes, including BCL2L11, RAD9, and APAF1;
however, this response is not observed for DNp63a (Gressner
et al., 2005). In addition, overexpression of TAp63a causes
neuronal apoptosis in nerve growth factor-treated neuronal
cells, whereas p63/ neurons are resistant to apoptosis
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(Jacobs et al., 2005). These findings suggest that the p63
family of proteins have a diverse range of biological activities
and impact cells in a p63 isoform-dependent and cell type-
specific manner.
In this study, we examine the impact of expression of
TAp63a and DNp63a on survival of cultured normal human
foreskin keratinocytes and two immortalized keratinocyte
cell lines. Our studies suggest that the DNp63a isoform
suppresses keratinocyte proliferation and induces keratino-
cyte apoptosis. It appears to act by modulating cell cycle
regulatory proteins to halt cell cycle progression and by
changing the Bax/Bcl-x ratio in favor of Bax. In the presence
of DNp63a, p53, p21 and p27 levels are elevated, Bax and
Bcl-xS levels increase, and Bcl-xL levels decrease. These
changes are associated with a loss of mitochondrial
membrane potential, increased procaspase and poly(ADP-
ribose) polymerase (PARP) cleavage, and appearance of cell-
associated translucent vesicles. Additional studies indicate
that DNp63a increases p53 expression and that p53, in turn,
suppresses DNp63a level, suggesting that p53 and DNp63a
may form a negative feedback loop. DNp63a expression
produces similar changes in SCC-13 and HaCaT cells. Both
cell lines encode a mutated and functionally inactive form of
p53, suggesting that the DNp63a regulation may be
independent of p53 in these cell lines.
RESULTS
TAp63a and DNp63a effects on keratinocyte proliferation
To study the impact of p63 on keratinocyte function, we
infected normal human epidermal keratinocytes with
TAp63a- and DNp63a-encoding adenoviruses. As shown in
Figure 1a, and as reported previously (Koster and Roop,
2004a), the major p63a form present in uninfected (C) or
empty vector (EV)-infected cells is DNp63a. Moreover, an
increase in TAp63a and DNp63a level is observed in the
respective vector-infected cells. p63a has been reported to
localize to the cell nucleus (Pellegrini et al., 2001; Arpitha
et al., 2005). We confirm in Figure 1b that the expressed TA-
and DNp63a isoforms localize in the nucleus of human
epidermal keratinocytes.
We next assessed the effect of p63a isoform expression on
cell morphology. Keratinocytes were infected with TAp63a or
DNp63a adenovirus and morphology was monitored.
Although cells infected with empty virus (EV) or TAp63a-
encoding virus display some flattening, the morphology is
otherwise similar to that of uninfected (C) cells (Figure 2a). In
contrast, cells expressing DNp63a display extensive mem-
brane blebbing coupled with the formation of transparent
vesicles (arrows). Such structures have been described in
apoptotic keratinocytes (Efimova et al., 2004). In addition,
fewer cells were present in DNp63a-infected dishes, suggest-
ing an impact on proliferation or cell survival. To directly
measure the effect on cell proliferation, we monitored the
impact of p63 isoform expression on cell number and DNA
synthesis. In Figure 2b, the open bar indicates the cell
number at the beginning of treatment (0 hour). For keratino-
cytes treated with empty or TAp63a-encoding adenovirus,
cell number is doubled at 48 hours post-infection. In contrast,
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Figure 1. TAp63a and DNp63a expression in human primary keratinocytes.
(a) Normal human keratinocytes were mock infected (C), infected 10 MOI of
empty virus (EV), or infected with 10 MOI of virus encoding TAp63a or
DNp63a. After 48 hours, the cells were harvested and expression of
adenovirus-delivered p63a (TA or DN) was confirmed by immunoblot using
mouse anti-human p63 antibody (Santa Cruz; sc-8431, 1:250 dilution).
b-Actin level was assayed as a control to normalize protein loading.
(b) Keratinocytes were infected with 10 MOI of Ad5-EV, Ad5-TAp63a or
Ad5-DNp63a. After 24 hours the cells were fixed, stained with
4,6-diamidino-2-phenylindole, and incubated with mouse anti-human p63
antibody diluted 1: 20. The incubation was then followed by secondary
staining with Cy3-conjugated sheep anti-mouse IgG (Sigma; c-2181, diluted
1:200). Images were obtained by fluorescence microscopy. The arrows indicate
the edge of the plasma membrane. It is important to note that the
p63-associated fluorescent signal is increased in cells infected with
adenoviruses-encoding TAp63a or DNp63a and that these signals have been
attenuated to permit covisualization of the 4,6-diamidino-2-phenylindole
fluorescence.
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in the presence of DNp63a the increase in cell number is
reduced by approximately 50%. To assess whether this is due
to a reduction in the number of cells progressing through the
cell cycle, we measured incorporation of 3H-thymidine.
Figure 2c shows that 3H-thymidine incorporation is not
affected by empty or TAp63a-encoding virus; however, 3H-
thymidine incorporation is reduced by 50% in DNp63a-
expressing cells, suggesting an impact of this p63 isoform on
cell cycle progression.
To examine the molecular basis for the DNp63a-depen-
dent reduction in cell number, we measured the effect of
p63a expression on cell cycle regulatory protein levels. As
shown in Figure 3a, expression of DNp63a results in a
substantial increase in p53 level and in the level of the
downstream p53 target and cyclin-dependent kinase inhibi-
tor, p21 (Figure 3b). The level of a second cdk inhibitor, p27,
is also increased. We also examined the impact on cyclin
levels. As shown in Figure 3c, cyclin B1, cyclin E, cdk4, and
cdk2 levels are not altered by DNp63a expression; however,
cyclin D1 and cyclin E levels are reduced. These findings
suggest that expression of DNp63a suppresses cell prolifera-
tion by altering cell cycle regulatory protein level.
TAp63a and DNp63a effects on keratinocyte survival
As noted in Figure 2a, DNp63a expression produces an
apoptosis-like morphology. In keratinocytes, apoptosis involves
the release of apoptogenic factors such as cytochrome c,
activation of caspases, and loss of mitochondrial membrane
potential (Denning et al., 2002; Waterhouse et al., 2002;
Scorrano and Korsmeyer, 2003). We therefore monitored for
changes in procaspase cleavage and mitochondrial integrity.
The mitochondria of healthy cells accumulate MitoSensor dye,
which forms intramitochondria aggregates that fluoresce red. In
apoptotic cells, dye monomers reside in the cytoplasm and
fluoresce green. As anticipated, red fluorescence, indicative of
intact mitochondria, is observed in uninfected (control) cells and
in EV-infected cells (Figure 4a). In addition, TAp63a expression
did not cause a change in dye distribution. However, cells
expressing DNp63a display green fluorescence, indicating a loss
of mitochondrial membrane potential consistent with apoptosis.
The loss of mitochondrial integrity predicts that cells having
subG1 DNA content should accumulate. As shown in Figure
4b, EV- and TAp63a-expressing cells display no change in the
frequency of subG1 events –both cell populations display 1–2%
subG1 DNA content. In contrast, the number of subG1 events is
increased to 10% in DNp63a-expressing keratinocytes. This is a
minimal estimate of the actual number of subG1 events, as
many dying cells are lost during treatment. To determine
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Figure 2. Np63a regulates human keratinocyte morphology. (a) Normal
human keratinocytes were infected with 10 MOI of Ad5-EV, Ad5-TAp63a, or
Ad5-DNp63a. After 48 hours, the cells were photographed. The arrows in the
right panel point to transparent apoptotic vesicles. Similar results were
observed in each of six experiments. (b) DNp63a expression reduces cell
number and DNA synthesis. Normal keratinocytes were maintained until
30% confluent and then infected with 10 MOI of Ad5-EV, Ad5-TAp63a, or
Ad5-DNp63a. At 48 hours post-infection, the cells were harvested and
counted (shaded bars). The open bar indicates the number of cells at t¼ 0, the
time of infection. (c) Keratinocytes were treated with 10 MOI of the indicated
adenovirus for 24 hours and during the final 2 hours the cells were pulsed with
1mCi methyl 3H-thymidine per ml. The cells were then harvested and
3H-thymidine incorporation into DNA was monitored by acid precipitation
and scintillation counting. Control indicates mock infection (open bar) and
the other groups were infected with the indicated adenovirus. Each
experiment was repeated twice and the bars indicate the standard deviation of
a single experiment.
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Figure 3. Impact of p63a isoform expression on cell cycle regulatory protein
expression. Keratinocytes were mock infected (C) or infected with the
10 MOI Of the indicated adenovirus. After 48 hours, the cells were harvested
and total cell extracts were prepared. Equivalent quantities of total cell extract
were electrophoresed and then transferred to nitrocellulose membrane for
incubation with antibodies specific for the indicated proteins. b-Actin level
was used to normalize protein loading. This experiment was repeated three
times with similar results.
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whether the DNp63a-dependent loss of mitochondrial potential
is associated with procaspase activation (Fraser and Evan, 1996;
Ravagnan et al., 2002), we expressed the p63a isoforms in
keratinocytes, prepared total cell extracts, and monitored
procaspase cleavage by immunoblot. As shown in Figure 5,
expression of DNp63a results in cleavage of procaspase-9,
procaspase-8, and procaspase-3. PARP, a DNA nick-sensing
protein, which is involved in DNA repair and a downstream
target of caspase-3, is also cleaved. Cleavage of these cell
destruction enzymes is not observed in the other treatment
groups.
Mechanisms whereby DNp63a promotes cell death
Proteins of the Bcl-2 family regulate caspase activity and
apoptosis (Gross et al., 1999; Adams and Cory, 2002; Bouillet
and Strasser, 2002; Cory et al., 2003). The antiapoptotic
members of this family include Bcl-1, Bcl-xL, Bcl-w, Mcl-1,
A1, Bcl-1-L10, Bcl-B and Caenorhabditis elegans CED-9. The
proapoptotic members include two groups – proteins that
have multiple BH domains (Bax, Bak, Bcl-xS, Bok, Bcl-GL)
and proteins that have a single short BH3 domain (Bad, Bik,
Blk, Bid, Hrk, Bim, Bmf, Noxa, Puma, and C. elegans Eg1-1)
(Bouillet and Strasser, 2002). Although the relative impor-
tance of individual Bcl-2 family members can vary, the ratio
of proapoptotic to antiapoptotic members is thought to be a
critical trigger that regulates apoptosis. We therefore exam-
ined the impact of p63a expression on the relative levels of
Bax and Bcl-xL, two Bcl-2 family members that have been
deemed as important in keratinocyte apoptosis (Jost et al.,
1999, 2001a, b; Taylor et al., 1999; Sitailo et al., 2004; Van
et al., 2004). As shown in Figure 6a, an anti-Bax immunor-
eactive band is detected at 24 kDa. The level of this band did
not change following infection with EV or with TAp63a-
encoding virus. In contrast, in DNp63a-expressing cells, the
level of the 24 kDa band was consistently reduced and this
reduction was associated with increased levels of an anti-Bax
immunoreactive band migrating at 26 kDa (asterisk). Only a
minimal level of this 26 kDa band is detected in TAp63a-
expressing cells, and only at high virus levels (20 and 40
multiplicity of infection (MOI)) (asterisk). A Bax immunor-
eactive band of this size has not been previously reported.
Therefore, we compared its migration to that of the Bax
protein present in BxPC-3 cells (Srivastava and Singh, 2004).
As shown in Figure 6b, the BxPC-3 Bax protein comigrates
with the 24 kDa form present in keratinocytes; however, the
26 kDa band is uniquely detected in the DNp63a-expressing
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Figure 4. DNp63a expression alters mitochondrial membrane potential. (a) Keratinocytes, growing on glass coverslips, were infected with 10 MOI of the
indicated adenoviruses. After 24 hours, the cells were stained with MitoSensor reagent at 371C for 15 minutes and then immediately examined using
fluorescence microscopy. The top photographs are bright field and the lower panels are the corresponding fluorescent images. (b) Forty percent confluent
keratinocytes were infected with Ad5-EV, Ad5-TAp63a, or Ad5-DNp63a. After 24 hours, the cells were harvested and processed for cell-cycle analysis. This
profile is representative of two experiments.
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keratinocytes. To further confirm the status of the 26 kDa
band, we incubated with monoclonal anti-Bax (6A7) that
detects amino acids 12–24, which are common to murine,
human, and rat Bax (Hsu and Youle, 1998). As shown in
Figure 6c, the rabbit polyclonal anti-Bax (N-20) detects the
24 kDa band in all samples and the 26 kDa band in the
DNp63a-expressing cells. The 6A7 antibody also detects the
26 kDa band. Thus, the presence of a larger Bax form is
confirmed with two antibodies.
Bcl-xL is an important prosurvival protein in keratinocytes
(Jost et al., 1999, 2001a; Taylor et al., 1999). As shown in
Figure 7, infection with EV or TAp63a-encoding virus does
not alter Bcl-xL expression; however, expression of DNp36a
in keratinocytes reduces Bcl-xL level. This reduction is
associated with the appearance of an alternatively spliced
Bcl-xL derivative, Bcl-xS (Boise et al., 1993). Bcl-xS is a
strongly proapoptotic Bcl-xL variant that lacks the BH1 and
BH2 domains, but retains the N-terminal BH4 domain (Boise
et al., 1993). Taken together, the findings shown in Figures 6
and 7 suggest that DNp63a enhances keratinocyte apoptosis
(reduced Bcl-xL, increased Bax, and Bcl-xS).
p53 may mediate the actions of DNp63a
The finding that expression of a known p53 target gene, p21,
is increased in keratinocytes expressing DNp63a suggests that
the effects of DNp63a may be mediated, at least in part, by
p53. To assess this possibility, we infected keratinocytes with
p53- and DNp63a-encoding adenoviruses and monitored
cellular response. As shown in Figure 8a, uninfected cells,
cells infected with empty virus, and TAp63a-expressing cells
display a relatively normal phenotype. In contrast, cells
expressing DNp63a or p53 display an apoptosis-like pheno-
type that is typified by the production of transparent spherical
structures (arrows). Thus, this experiment indicates that
DNp63a and p53 produce a similar morphological response
in normal human keratinocytes. To compare the mechanism
of action of these two proteins, extracts were prepared and
assayed for p53, p21, Bcl-xL, and Bax expression. Figure 8b
shows that vector-delivered p53 is produced in the cells. In
addition, expression of p53 or DNp63a suppresses Bcl-xL and
increases Bax (26 kDa). In addition, both proteins increase
p21 level. Although these findings do not prove that the
DNp63a effects are mediated by p53, they are consistent with
the idea that p53 may mediate some of the effects of DNp63a.
They are also consistent with the observation that DNp63a
expression produces an increase in p53 level (see below).
Several studies suggest that p63 and p53 can regulate the
level of other p53 family members (King et al., 2003). To assess
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Figure 5. DNp63a expression increases procaspase and PARP cleavage.
Keratinocytes were mock infected (C) or infected with 10 MOI of empty
adenovirus (EV) or adenovirus encoding the indicated p63a isoforms. After
48 hours, the cells were harvested and total cell extracts were prepared,
electrophoresed, and transferred to membranes for incubation with antibodies
specific for procaspase-9, -8, -3, and PARP. The asterisks indicate caspase and
PARP cleavage products. b-Actin is included as a protein-loading
normalization control. This experiment was repeated three times with a
similar outcome.
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Figure 6. DNp63a increases expression of a 26 kDa Bax form.
(a) Keratinocytes were mock infected (C) or infected with 0.5–40 MOI of
empty adenovirus (EV) or adenovirus encoding the indicated p63a isoforms
(TA, DN). After 48 hours the cells were harvested and total cell extracts were
prepared for anti-Bax immunoblot using rabbit polyclonal anti-Bax (N20). The
asterisks indicate a high molecular weight Bax form detected by this antibody.
(b) Keratinocytes were treated with virus as outlined above. Extract from these
cells and extract from BxPC-3 cells was electrophoresed, transferred to
nitrocellulose, and incubated with anti-Bax (N20). (c) Keratinocytes were
treated with virus as outlined above and Bax level was monitored using the
mouse monoclonal anti-bax (6A7) and rabbit polyclonal anti-Bax antibody
(N20). b-Actin level was monitored to normalize protein loading.
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this in keratinocytes, we expressed DNp63a and p53 and
monitored the impact on expression of the opposing protein.
As shown in Figure 9a, DNp63a expression in keratinocytes
results in increased p53 levels. This increase is not observed in
the mock-infected (C) cells or cells infected with EV or
TAp63a-encoding virus. This appears to be biologically
relevant, as shown in Figure 9b, DNp63a increases activity
of pG13-Luc, a reporter plasmid. This plasmid encodes a p53-
responsive genetic element linked to luciferase. These findings
suggest that p53 may mediate some of the effects of DNp63a.
We next assessed whether p53 influences DNp63a level. As
shown in Figure 9c, expression of p53 results in a substantial
reduction in endogenous DNp63a level. These findings
provide evidence for a possible negative feedback loop in
which a DNp63a-dependent increase in p53 results in a p53-
dependent reduction in DNp63a.
Impact of p63a expression on squamous cell carcinoma cell
survival
The above results show that DNp63a can reduce survival of
cultured normal human epidermal keratinocytes. As p63a is
increased in tumors, a key question is whether p63a can
cause apoptosis of transformed cells. To address this, we
expressed the p63a isoforms in SCC-13 cells. SCC-13 cells
are a squamous cell carcinoma cell line derived from facial
epidermis (Allen-Hoffmann and Rheinwald, 1984). The p53
protein is functionally inactivated in SCC-13 cells (Hollstein
et al., 1991). As shown in Figure 10a, EV-infected cells
display a morphology that is similar to mock-infected cells. In
contrast, a substantial number of cells display apoptotic
vesicle formation in TAp63a- and DNp63a-expressing cul-
tures. In all, 25 and 50% of the cells per dish form vesicles in
TAp63a- and DNp63a-expressing cultures, respectively. As
shown in Figure 10b, DNp63a is expressed at a much higher
level than TAp63a. A point of particular interest is the
DNp63a expression in SCC-13 cells does not result in
increased expression of p53.
Impact of p63a isoform expression on HaCaT cell survival
HaCaT cells are immortal keratinocytes in which p53 is
functionally inactivate owing to UV-type mutation (Ziegler
et al., 1994; Boukamp et al., 1999). As such it provides an
environment for evaluating the role of p53 in mediating the
actions of DNp63a. As shown in Figure 11a, infection of
HaCaT cells with EV or expression of TAp63a produces
minimal changes in cell morphology. In contrast, expression
of DNp63a or p53 results in the formation of apoptotic blebs
(arrows). We next examined whether p53 and DNp63a are
inversely expressed. As shown in Figure 11b, TAp63a and
DNp63a do not influence p53 level in HaCaT cells (upper
panel). However, p53 expression does reduce DNp63a level
(middle panel). We next monitored the impact of DNp63a
and p53 on cell cycle and apoptosis markers. Infection with
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Figure 7. DNp63a regulates Bcl-xL/Bcl-xS ratio. Keratinocytes were
infected with indicated adenovirus at 10 MOI and harvested at 48 hours
post-infection. Total cell extracts were prepared and immunoblotted with
rabbit anti-Bcl-x (diluted 1:1000) to detect Bcl-xL and Bcl-xS. b-Actin
level was measured in parallel as a loading normalization control. These
findings are representative of two separate experiments.
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Figure 8. p53 and DNp63a produce similar responses in normal human
keratinocytes. (a) Keratinocytes were mock infected (control), infected
with EV or with virus expressing the DNp63a or TAp63a isoforms or p53.
After 48 hours, the cells were photographed using bright field objectives.
The arrows indicate spherical structures associated with apoptosis. (b) Cells
were treated with virus as above and at 48 hours total cells extracts were
prepared and immunoblotted with the indicated antibodies. Similar results
were observed in each of three experiments.
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EV or expression of TAp63a produces a minimal response
(Figure 11c). However, DNp63a expression reduces procas-
pase 9, increases procaspase 3 and PARP cleavage, reduces
Bcl-xL level, and increases p21 expression. p53 reduces
procaspase 9 level and activates procaspase 3 cleavage, but
does not regulate the level of the other markers. The fact that
p53 is nonfunctional in HaCaT cells suggests that DNp63a
may directly regulate p53-dependent events in HaCaT cells.
Consistent with this idea, the activity of pG13-Luc, a p53
element reporter gene, is increased 1.5- and 2.5-fold in
TAp63a- and DNp63a-expressing cells, respectively (not
shown). These findings and the findings in SCC-13 cells,
suggest that DNp63a can regulate responses associated with
reduced cell proliferation and enhance apoptosis in the
absence of a functional p53 protein.
DISCUSSION
High-level expression of DNp63a suppresses normal human
epidermal keratinocyte proliferation and survival
TAp63a and DNp63a are important regulators of surface
epithelial cell proliferation, survival, and differentiation. In
mice, TAp63a is expressed early in development in un-
committed surface ectoderm, whereas DNp63a expression
increases near birth (Koster and Roop, 2004b). DNp63a is the
major form expressed in adult epidermis where it is expressed
in the basal cell layer (Pellegrini et al., 2001; Koster et al.,
2004; Koster and Roop, 2004b). It has been proposed that
TAp63a functions as a master switch to initiate epithelial
stratification, induce proliferation and inhibit terminal
differentiation early in development, and that later in
development DNp63a acts as a dominant-negative antagonist
of TAp63a that allows basal cells to withdraw from the cell
cycle and commit to terminal differentiation (Koster et al.,
2004; Koster and Roop, 2004b). DNp63a is expressed in
human keratinocyte and corneal epithelial stem cells, but not
in the transient-amplifying cells, which have a limited
proliferative capacity and ultimately give rise to differentiated
cells (Pellegrini et al., 2001). However, during wound repair,
expression of p63 is observed in transient-amplifying cells,
suggesting that p63 expression need not be confined to basal
cells (Du et al., 2003). The loss of DNp63a in transient-
amplifying cells suggests that DNp63a levels must decline for
differentiation to occur (Koster and Roop, 2004b). This is
consistent with data from murine keratinocytes indicating
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Figure 9. DNp63a and p53 – mutual regulation. (a) Keratinocytes were
mock infected (C) or infected with 10 MOI of EV or DNp63a or
TAp63a-encoding viruses. At 48 hours post-infection, the cells were harvested
and total extracts were assayed for p53 and b-actin level. (b) Keratinocytes
were cotransfected with 1 mg of pG13-Luc in the presence of 1 mg of
pcDNA3 (EV) or pcDNA3-based plasmids encoding TAp63a and DNp63a.
Cell extracts were prepared at 48 hours post-transfection for luciferase activity
assay. (c) Keratinocytes were mock infected (C) or infected with EV or
p53-encoding virus. At 48 hours post-infection, total extracts were assayed for
DNp63a and b-actin level. Similar results were observed in three separate
experiments.
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Figure 10. Impact of p63a isoform expression on SCC-13 cell survival.
(a) Forty percent confluent SCC-13 cell cultures were mock infected or
infected with the indicted adenoviruses. After 48 hours, the cells were
photographed. The arrows indicate apoptosis-associated vesicle formation.
(b) At 48 hours post-infection, the expression level of each p63a isoform was
monitored by immunoblot. A parallel blot was assayed for impact of p63a
isoform expression on p53 level. b-Actin levels were monitored as a gel-
loading normalization control. This experiment was repeated twice with
similar results.
1986 Journal of Investigative Dermatology (2007), Volume 127
L Zhu et al.
DNp63a Causes Keratinocyte Apoptosis
that DNp63a expression inhibits calcium-dependent differ-
entiation (King et al., 2003, 2005).
In this study, we examined the impact of p63a isoform
overexpression on proliferation and survival of normal
human epidermal keratinocytes. Based on this literature, we
anticipated that increased expression of TAp63a or DNp63a
may enhance keratinocyte proliferation and survival. To test
this hypothesis, TAp63a and DNp63a were expressed in
keratinocytes via adenovirus delivery. Our results show that
DNp63a expression decreases cell proliferation via a
mechanism that involves increased p21 and p27 level and
decreased cyclin D1 and cyclin E level. As each of these
proteins regulate cell progression at the G1/S cell cycle
transition, these findings suggest that DNp63a may block the
G1/S phase transition. In addition, a reduction in 3H-
thymidine uptake suggests that DNp63a-expressing cells do
not make it through S1 phase. Moreover, this reduction in S1
phase transit occurs before the cells display morphological
changes, suggesting that cessation of cell proliferation
precedes apoptosis.
DNp63a and keratinocyte apoptosis
In addition to suppressing cell proliferation, DNp63a causes
formation of transparent spherical vesicles. Such vesicles
have been previously identified in keratinocytes undergoing
apoptosis (Efimova et al., 2004). These DNp63a-dependent
morphological changes are associated with a loss of
mitochondrial membrane integrity and cleavage of procas-
pase-9, -8, -3, and PARP, providing evidence for activation of
the intrinsic mitochondrial death pathway. Coincident with
these events, we observe an increase in cells displaying
subG1 DNA content.
DNp63a expression has not been previously reported to
promote keratinocyte apoptosis. In fact, DNp63a levels are
reduced in murine keratinocytes that are undergoing UVB-
dependent apoptosis (Liefer et al., 2000) and targeted
expression of DNp63a to murine epidermis protects the cells
from UVB-dependent apoptosis (Liefer et al., 2000). Although
these responses may be owing to species-specific differences
between murine and human keratinocytes, we have also
observed a specific decline in DNp63a expression when
normal human keratinocytes are treated with agents that
promote keratinocyte differentiation and/or cause apoptosis
(Zhu, Balasubramanian, and Eckert – unpublished observa-
tions). Thus, although reduced DNp63a expression is
associated with human keratinocyte apoptosis, DNp63a
overexpression may also reduce cell survival. Dohn et al.
(2001), using H1299 cells, showed that both TAp63a and
DNp63a cause cell death that is associated with increased
p53 target gene expression. In Hep3B cells, adenovirus-
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Figure 11. Impact of p63a isoform expression on HaCaT cell function. (a) Forty percent confluent HaCaT cells were mock infected or infected with
10 MOI of the indicted adenovirus. After 48 hours, the cells were photographed. The arrows indicate apoptosis-associated vesicle formation. (b) The expression
level of p53 and each p63a isoform was monitored by immunoblot at 48 hours post-infection. b-Actin levels were monitored as a gel-loading normalization
control. This experiment was repeated twice with similar results. (c) DNp63a promotes cell response in the absence of functional p53. After 48 hours, virus-infected
cells were harvested and assayed for expression of the indicated markers by immunoblot. The asterisks indicate apoptosis-associated cleavage products.
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mediated expression of TAp63a causes caspase-dependent
apoptosis that is associated with increased BCL2L11, RAD9,
and APAF1 expression. This effect is not observed for
DNp63a (Gressner et al., 2005). In addition, overexpression
of TAp63a causes apoptosis in nerve growth factor-treated
neuronal cells, whereas p63/ neurons are resistant to
apoptosis (Jacobs et al., 2005). In contrast, DNp63a has no
effect on neuronal cell apoptosis (Jacobs et al., 2005).
McKeon and coworkers showed that vector-mediated ex-
pression of TAp63g, but not DNp63a, causes BHK cell death
(Yang et al., 1998). Thus, various p63 isoforms have differing
effects on cell survival and that the outcome may be cell type
and stimulus specific. It should also be noted that we cannot
rule out an impact of off-site effects in our studies, as the level
of DNp63a expression achieved in the adenovirus-infected
cultures is 20–100 time higher than the level of the
endogenous protein.
The role of TAp63a versus DNp63a
As noted above, DNp63a lacks the acidic N-terminal
transaction domain that is homologous to the N terminus of
p53 and other members of the p53 family (Yang et al., 1998;
Van and Brunner, 2002). It has been reported that the
DNp63a isoform is transcriptionally inactive and functions as
dominant-negative inhibitor of TAp63a and p53 (Liefer et al.,
2000). However, DNp63a does not appear to act as a
dominant-negative inhibitor of TAp63a in our studies. This is
apparent in SCC-13 cells where both TAp63a and DNp63a
cause apoptosis. In addition, DNp63a expression promotes
increased levels of p53 and p21 in normal human keratino-
cytes, responses that are not likely to involve DN-dependent
inhibition of TAp63a activity, as TAp63a is not expressed in
our cultures.
DNp63a and p53
We show that DNp63a expression in keratinocytes increases
p53 and p21 level. We also show that that p53 expression
reproduces many of the responses (spherical vesicle forma-
tion, increased 21 levels, etc) that are observed following
DNp63a expression. As p53 is known to regulate p21 via a
transcriptional mechanism (el-Deiry et al., 1993; Li et al.,
1994), it is possible that some of the effects of DNp63a on
keratinocyte survival may be due to the action of p53.
However, other reports indicate that p63a can promote cell
apoptosis and regulate apoptosis-associated gene expression
in a p53-independent manner. For example, expression of
TAp63g induces cell-cycle arrest and apoptosis in H1299
cells, a p53-null non-small cell lung carcinoma cell line
(Zeng et al., 2002). This response is associated with increased
MDM2 and p21 expression, which results from a direct
interaction of TAp63a with the p53 response elements of the
MDM2 and p21 genes (Zeng et al., 2002). DNp63a has also
been reported to directly regulate p21 expression in other
systems (Westfall et al., 2003). To assess this further, we
expressed DNp63a in HaCaT cells. HaCaT cells harbor
mutant p53 alleles that encode functionally inactive p53
(Ziegler et al., 1994; Boukamp et al., 1999). We show that
DNp63a enhances apoptosis in these cells and also increases
transcription via a p53 responsive promoter element. This
suggests that, in HaCaT cells, DNp63a may influence
keratinocyte survival in a p53-independent manner.
A potentially important observation from this study is that
p53 expression in keratinocytes results in a marked suppres-
sion of endogenous DNp63a level. This suggests that a
feedback loop may exist and that cells faced with high
DNp63a expression may respond with a p53-dependent
suppression of DNp63a expression. It is interesting that
Chaturvedi et al. (2005, 2006) have reported that small
interfering RNA knockdown of p53 in normal human
keratinocytes results in increased DNp63a expression,
suggesting a regulatory relationship between these two
proteins. Based on these findings, we propose that increased
Np63a expression, in normal human keratinocytes, leads to
increased p53. This p53, in turn, activates p53 target gene
expression and also acts to reduce DNp63a expression. The
function of this feedback circuit may be to limit the effects of
DNp63a. The reduced DNp63a expression observed in the
presence of high p53 suggests that p53 may be an important
mediator of growth cessation and apoptosis under these
conditions.
DNp63a function, keratinocyte apoptosis, and cancer
p63 levels are elevated in squamous cell carcinoma,
suggesting that it may function as a proproliferation
oncogene. In head and neck cancer, for example, DNp63a
has been proposed to be an antiapoptotic, antidifferentiation,
and prosurvival factor (Sniezek et al., 2004; Rocco et al.,
2006). In this context, our observation that DNp63a promotes
apoptosis in normal human foreskin keratinocytes was not
anticipated. Contrary to expectation, our results indicate that
DNp63a promotes apoptosis in SCC-13 cells, a cell line
derived from human squamous cell carcinoma (Allen-
Hoffmann and Rheinwald, 1984). These results suggest that
the increased DNp63a expression in these tumors may be an
unsuccessful effort by the cell to compensate for the high rate
of tumor cell proliferation. However, it must be emphasized
that we have achieved very high-level expression of DNp63a
in HaCaT cells and that we cannot rule out off-site effects.
From the therapeutic perspective, our findings suggest that
augmenting DNp63a level in tumors may facilitate tumor cell
death. It is also interesting that both TAp63a and DNp63a
promote SCC-13 cell death. This finding suggests that SCC-
13-transformed cells are more sensitive to the pro-death
action of TAp63a than normal keratinocytes.
Mechanism of DNp63a-associated keratinocyte apoptosis
Our results show that DNp63a expression induces apoptosis
by caspase activation and subsequent mitochondrial failure.
This is associated with the appearance of a novel 26 kDa form
of Bax. This protein is detected using two different Bax
antibodies, including a mouse monoclonal antibody (6A7)
that is commonly used to detect activated Bax (Hsu and
Youle, 1998; Nechushtan et al., 1999). The 26 kDa Bax form
may be proapoptotic; however, additional studies will be
required to assess its role. In addition to these changes,
DNp63a expression is associated with a reduced Bcl-xL and
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increased Bcl-xS levels. Bcl-xL is an important regulator of
keratinocyte survival that is reduced in apoptotic keratino-
cytes (Jost et al., 1999, 2001a). Bcl-xS is a spliced form of
Bcl-xL that promotes cell death by inhibiting Bcl-xL and Bcl-2
function (Chao and Korsmeyer, 1998; Lutz, 2000; Adams and
Cory, 2001; Cory et al., 2003). Expression of DNp63a in
keratinocytes changes the ratio of antiapoptotic and proa-
poptotic proteins and favors cell death.
Our studies demonstrates that TAp63a promotes apoptosis
in transformed keratinocytes (Figure 10). Although the
mechanisms are subtly different, this finding is consistent
with reports that TAp63a promotes cell death in other
systems. For example, TAp63a activates apoptosis in Hep3B
cells via activation of both intrinsic and extrinsic death
pathways (Gressner et al., 2005). TAp63a directly transacti-
vates the CD95 gene via the p53-binding site in the first
intron resulting in upregulation of a functional CD95-death
receptor and increased expression of the CD95, tumor
necrosis factor-R and tumor necrosis factor-related apopto-
sis-inducing ligand-R death receptor systems (Gressner et al.,
2005). In addition, TAp63a increases expression of Bax,
BCL2L11, RAD9, DAP3, and APAF1, proteins involved in the
intrinsic mitochondria-associated death pathway. TAp63a is
increased by chemotherapeutic drugs and inhibiting TAp63a
function leads to chemoresistance. These observations are
consistent with a proapoptotic role for TAp63a (Gressner
et al., 2005).
MATERIALS AND METHODS
Antibodies and reagents
Keratinocyte serum-free medium, gentamicin, and trypsin were
purchased from Life Technologies Inc. (Gaithersburg, MD).
Polybrene (hexadimethrine bromide) was obtained from Sigma
(Milwaukee, WI). Anti-p63 (sc-8431), anti-bax (N20) (sc-493), anti-
p53 (sc-6243), anti-cyclin A (sc-239), anti-cyclin B1 (sc-245), anti-
cyclin E (sc-481), anti-cdk2 (sc-163), anti-cdk4 (sc-601), anti-p27
(sc-1641), and anti-p21 (sc-6246) antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-caspase 3 (9665),
anti-caspase 8 (9746), and anti-caspase 9 (9502) antibodies were
purchased from Cell Signaling Technology (Danvers, MA). Anti-
PARP (556494), anti-bax(6A7) (556467), anti-Bcl-x (610211), and
anti-cyclin D1 (554180) were obtained from BD Pharmingen (San
Jose, CA). Anti-b-actin (A5441) and Cy3-conjugated anti-mouse IgG
(c-2181) antibodies were obtained from Sigma. Horseradish
peroxide-conjugated anti-mouse IgG (NA931) and anti-rabbit IgG
(NA934) were purchased from Amersham (Piscataway, NJ). BD
ApoAlertTM mitochondrial membrane sensor kit (630106) was from
BD Biosciences (San Jose, CA). pG13-Luc, a p53 response-element
reporter construct, was kindly provided by Nancy Colburn (Li et al.,
2000). Methyl-3H-thymidine was obtained from Amersham Bios-
ciences (Pittsburg, PA, TRK300, 25 Ci/mmol, 1 mCi/ml).
Cell culture and infection with recombinant adenovirus vectors
Normal human foreskin keratinocytes were grown as described
previously (Welter et al., 1995). Adenoviruses encoding TAp63a and
DNp63a and an empty control adenovirus (EV) were kindly provided
by Dr B. Trink (Wu et al., 2003). The Ad-CMV-p53 (GFP) adenovirus
was obtained from Vector Biolabs (Eagleville, PA) (No. 1260).
Recombinant adenoviruses were amplified in 293 cells and purified
by cesium chloride centrifugation and the final yield of Ad5-TAp63a
and Ad5-DNp63a were 107–108 plaque-forming units per ml. Third
passage keratinocytes were plated in 50 cm2 dishes at the density of
106 cells/plate (20,000 cells/cm2). At 24 hours after plating, the
adenoviruses were administered in the presence of 2.5 mg of
polybrene/ml. At 24 hours post-infection, the virus-containing media
was replace by fresh virus-free keratinocyte serum free medium and
the cells were incubated for an additional 24 hours before harvest.
SCC-13 cells are derived from facial squamous cell carcinoma
(Allen-Hoffmann and Rheinwald, 1984) and have a mutation in
codon 258 of the p53 gene, which leads to a glutamic acid to lysine
conversion in the DNA-binding domain of the p53 protein (Brash
et al., 1991; Bernerd et al., 1999). p53 is inactive in SCC-13 cells
(Hollstein et al., 1991). These studies were approved by the human
studies panel at Case Western Reserve University and conform to the
Declaration of Helsinki Principles. Patient consent was not required
as all tissue was discard tissue resulting from routine clinical
procedures.
Immunoblot analysis
Total cell lysates were prepared from cultured human epidermal
keratinocyte or cell lines. Cells were washed with phosphate-
buffered saline (PBS), and incubated on ice in lysis buffer (20 mM
Tris–HCl pH 7.5, 150 mM NaCl, 2 mM Na2EDTA, 2 mM EGTA, 1%
Triton, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate,
1 mM Na3VO4, 1 mg/ml leupeptin, and 1 mM phenylmethylsulfonyl
fluoride) for 5 minutes. The lysates were collected, sonicated
intermittently for 20 seconds, and then centrifuged at 14,000 r.p.m.
for 10 minutes at 41C to pellet cell debris. Protein concentration of
the supernatant was determined by Bio-Rad (Hercules, CA) protein
assay and equivalent amounts of protein were electrophoresed on
10% SDS–PAGE and subsequently transferred to nitrocellulose
membranes. The membranes were blocked, incubated with an
indicated primary antibody, washed, and then incubated with an
appropriate horseradish peroxidase-conjugated secondary antibody.
Proteins were visualized by using chemiluminescence-detection
reagents (Amersham).
Mitochondrial membrane potential
Human keratinocytes were plated onto 22 22 mm coverslips and
infected with 10 MOI Ad5-EV, Ad5-TAp63a, or Ad5-DNp63a in
Keratinocyte serum-free medium containing 2.5 mg of polybrene/ml.
After 24 hours of infection, cells were rinsed with Keratinocyte
serum-free medium and then stained with MitoSensor reagent (BD
Biosciences) at 371C in a 5% CO2 incubator for 15 minutes. Cells
were then washed with Keratinocyte serum-free medium and
examined immediately by fluorescence microscope using band
pass-filters that detect fluorescein and rhodamine.
Immunofluorescence staining
Cells were fixed with 3.7% paraformaldehyde in PBS at room
temperature for 20 minutes, washed three times with 1 PBS
supplemented with 0.1 M glycine, and then incubated in the blocking
solution (1 PBS, 0.1% BSA, 0.05% Triton X-100) for 30 minutes.
The cells were incubated with mouse anti-p63 antibody (1:20
diluted in the blocking solution) at room temperature for 1 hour.
After washing, the cells were incubated with Cy3-conjugated sheep
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anti-mouse IgG antibody (1:200 diluted in the blocking solution) for
1 hour. After washing, the stained cells were mounted on glass slides
with mounting medium and examined by fluorescence microscopy.
DNA cell-cycle analysis and 3H-thymidine incorporation
After viral infection, cells were trypsinized, washed twice with cold
PBS, fixed in cold methanol and stored at 201C. For flow cytometry
analysis, fixed cells were washed twice with cold PBS and treated
with DNase-free RNase (20 mg/ml final concentration) at 371C for
30 minutes, chilled on ice for 10 minutes, stained with propidium
iodide (50mg/ml final concentration) for 1 hour, and DNA content
was analyzed by flow cytometry.
To measure 3H-thymidine incorporation, keratinocytes were
grown in 12-well plates and infected with adenovirus. At 24 hours
post-infection, cells were incubated with 1 mCi per ml 3H-thymidine
for 2 hours. The cells were then washed twice with ice-cold PBS,
twice with ice-cold 5% (w/v) trichloroacetic acid, and then dissolved
in 0.2 M NaOH. Incorporated 3H-thymidine level was measured by
liquid scintillation counting.
Detection of Bax
Cells were washed twice with 1 PBS, and incubated on ice in lysis
buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM
EGTA, 1% Triton, 25 mM sodium pyrophosphate, 1 mM b-glycer-
ophosphate, 1 mM Na3VO4, 1mg/ml leupeptin, 1 mM phenylmethyl-
sulfonyl fluoride and protein-inhibitor cocktail (Calbiochem, San
Diego, CA, No. 539134) for 5 minutes. The lysed cells were scraped
off the plate, sonicated intermittently for 20 seconds, and centrifuged
at 14,000 r.p.m. for 10 minutes at 41C. The supernatant was
collected and the protein concentration determined by Bio-Rad
protein assay. Equivalent amounts of protein (20mg) were diluted in
1 volume of 2 Laemmli samples buffer, boiled, electrophoresed on
10% SDS–PAGE, and subsequently transferred to nitrocellulose
membranes. Bax was detected using rabbit polyclonal anti-Bax
antibody (N20, sc-493).
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